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To investigate the effect of hydration on the diffusion of sodium ions through the aluminum-doped zeolite
BEA system (Si/Al ) 30), we used the grand canonical Monte Carlo (GCMC) method to predict the water
absorption into aluminosilicate zeolite structure under various conditions of vapor pressure and temperature,
followed by molecular dynamics (MD) simulations to investigate how the sodium diffusion depends on the
concentration of water molecules. The predicted absorption isotherm shows first-order-like transition, which
is commonly observed in hydrophobic porous systems. The MD trajectories indicate that the sodium ions
diffuse through zeolite porous structures via hopping mechanism, as previously discussed for similar solid
electrolyte systems. These results show that above 15 wt % hydration (good solvation regime) the formation
of the solvation cage dramatically increases sodium diffusion by reducing the hopping energy barrier by 25%
from the value of 3.8 kcal/mol observed in the poor solvation regime.
1. Introduction
Zeolites constitute a unique class of the porous materials
widely used in ion exchange, selective catalysis, and molecular
sieve applications.1,2 An important property for many of these
applications is migration of the absorbed water molecules. It
has been observed that water migration in such porous materials
proceeds differently than in the bulk water phase under the same
temperature and chemical potential conditions;3-6 hence, we
undertook a study of how nanoscale confinement in zeolites
affects such of properties as structure, dynamics, and thermo-
dynamics with absorbed molecules.7-18
In aluminosilicate zeolites the aluminum is generally incor-
porated in the three-dimensional framework in the form of
AlO4- surrounded by neighboring SiO4 while alkali metals such
as Na+ or K+ are in the pores, interacting electrostatically with
the zeolite framework. These positively charged and Movable
cations in various zeolite systems have been studied intensi-
vely 7,8,19-29 since they impart many interesting properties to
the zeolite systems. In particular, the ionic conductivity of
zeolites can be controlled by the level of nonframework ions
and their hydration (undoped zeolites are insulators with an
electronic band gap of ∼7 eV).9 The chemical nature, hydro-
philicity, and selectivity for binding guest molecules in zeolites
canbemanipulatedasappropriateformanypracticalapplications.10,11
One recent interesting application of zeolites is as proton
exchange membranes for fuel cells (PEMFC).12-17 Here the
molecular sieving capability and tunable acidity/hydrophilicity
of zeolites can be incorporated to form a polyelectrolyte-based
membrane that could improve the high temperature/low humid-
ity performance of fuel cells.18
We report here studies of the aluminosilicate zeolite BEA
(Si/Al ) 30). A distinct structural feature of interest for BEA
is its three-dimensional channel structure which is characterized
by ∼1 nm diameter channels (Figure 1) in which water
molecules may form a continuous phase, thereby facilitate ionic
transport which makes membranes based on such materials
useful as a replacement for polymer electrolyte membranes
(PEM) for fuel cell applications. In PEM fuel cell membrane
such at Nafion, the protons are transported through two
mechanisms: vehicular diffusion of protonated waters and
Grotthuss diffusion in which protons hop from water to water,
with the relative contributions depending on the water content,
counterions, porosity, temperature etc. Of course, diffusion of
sodium or potassium cations occurs only through hopping. In
this study, we determine how the nanometer scale confinement
in the aluminosilicate zeolite BEA (Si/Al ) 30) affects sodium
diffusion.
First, we used grand canonical Monte Carlo (GCMC)
simulations to predict the water absorption of aluminosilicate
zeolite BEA system at various conditions, and then we applied
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the equilibrium molecular dynamics (MD) simulations on the
diffusion starting with the hydrated systems obtained from the
GCMC simulations. During such MD simulations, we sampled
the time evolution of both the sodium diffusion and the water
structure associated with the sodium ions.
2. Simulation Details
2.1. Force Field. To calculate the energy and geometry of
the zeolite framework, we employed Burchart force field (FF)19
developed to describe aluminosilicate structures and the van der
Waals interactions with the Na. This FF uses the Lennard-Jones
12-6 form for the van der Waals interactions between all atoms
of the framework. To describe the interactions between water
molecules, we used the F3C water FF.20 For the off-diagonal
van der Waals interactions between different types of atoms
we used the geometric-mean combination rule. The Lennard-
Jones interactions were terminated beyond 18.0 Å, using a cubic
spline function starting at 15.0 Å.
The atomic charges of the individual atoms of the zeolite
frame were determined using the charge equilibration (QEq)
method.21 Since our simulation cell contains eight AlO4- sites,
the total charge of the framework is set by -8. The eight sodium
ions each were taken to have +1 charge, leading to charge
neutrality of the simulation cell. The atomic charge of the water
is from the F3C model.20 The particle-particle particle -mesh
(PPPM) method22 was employed to compute the electrostatic
using an accuracy criterion of 10-5.
2.2. Grand Canonical Monte Carlo (GCMC) method and
Molecular Dynamics (MD) Simulation. To predict the water
absorption in aluminosilicate zeolite BEA framework as a
function of partial pressure and temperature, we carried out
grand canonical Monte Carlo (GCMC) simulations23,24 using
Figure 1. Atomistic structure for the primitive periodic cell with composition of Na8Al8Si248O512. This shows green balls are aluminum and magenta
balls are sodium. (a) Minimized aluminosilicate zeolite BEA structures without H2O, (b) snapshot of zeolite BEA structures after the
GCMC simulation for 298.15 K and 101.3250 kPa, and (c) snapshot of zeolite BEA structures after 4 ns NPT MD simulation at 298.15 K and
101.3250 kPa.
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the Sorption module of Cerius2.25 Since the chemical potential
of the adsorbed phase equals the chemical potential of the bulk
gas at equilibrium condition, the GCMC simulation makes
multiple attempts to add one water molecule according to the
probability
Padd )min[1, V(N+ 1)Λ3 exp(-∆UkBT)] (1)
or subtract one with the following probability
Psub )min[1, NΛ3V exp(-∆UkBT)] (2)
where V is the pore volume, N is the number of water molecules
in the simulated system,Λ is the thermal de Broglie wavelength,
and ∆U is the change in potential energy. For each GCMC
simulation, we ran 2 × 108 Monte Carlo steps (MCS), during
which the zeolite framework including sodium ions were fixed
and water molecules were moved by the Metropolis sampling
rule.26,27 Each Monte Carlo step is allowed four different types
of operationsstranslation, rotation, creation, and destructionsof
the water molecule with equal probabilities.
All molecular dynamics (MD) simulations were performed
using the LAMMPS (large-scale atomic/molecular massively
parallel simulator) MD code developed by Plimpton at Sandia.28,29
The velocity Verlet algorithm30 was used to solve the equations
of motion with a time step of 1.0 fs. The isobaric-isothermal
ensembles (NPT) were generated using Nose-Hoover thermo-
stat with a temperature damping relaxation time of 0.1 ps and
the Andersen-Hoover barostat with a dimensionless cell mass
factor of 1.0. A series of MD simulations were conducted at
constant temperature of 298.15 K with various pressure condi-
tions from 0.1013 to 101.3250 kPa. To understand the effect of
temperature, another set of simulations were performed at
constant pressure of 101.3250 kPa with various temperature
conditions from 298.15 to 453.15 K.
2.3. Construction of Models and Calculation of Proper-
ties. We used the 2 × 2 × 1 superstructure of zeolite BEA
(based on the X-ray crystallography database31) as the periodic
simulation cell for the MD. Then, eight silicon atoms in the
channels were randomly chosen and replaced with aluminum
atoms to have the lowest energy using substitutional disorder
option of Cerius2.25 This leads to a Si/Al ratio of 30, with a
simulation cell consisting of 8 AlO4- and 248 SiO4 tetrahedral
sites with an overall composition of Na8Al8Si248O512.
The eight sodium ions were initially placed near the aluminum-
doped sites, and the full structure of zeolite frame including
the sodium ions were energy minimized. Then the water contents
were determined from GCMC simulations at various pressure
and temperature conditions.
Then we carried out 8-12 ns NPT MD simulations and
evaluated such properties as density, pair correlation function,
and diffusion coefficients using the full trajectory files.
3. Results and Discussion
3.1. Water Absorption. Using GCMC, the chemical poten-
tial of water in zeolite frame was equilibrated with that of the
external reservoir at various vapor pressure conditions ranging
from 0.1013 to 101.3250 kPa. The water absorption isotherm
at 298.15 K and the temperature dependence of water adsorption
at 101.3250 kPa are shown at Figures 2 and 3, respectively.
We were unable to locate published water adsorption isotherms
for zeolite BEA with Si/Al of 30. Thus the data shown in Figures
2 and 3 are from simulation only. We observe a stepwise
condensation at 3.5 kPa. The amount of water uptake increases
abruptly and then shows fast saturation up to ∼50 molecules
per crystallographic unit cell, which can be regarded as a
maximum loading number at 298.15 K. Previous studies
discovered that a spontaneous condensation of water occurs in
hydrophobic porous materials such as sodium faujasites of NaY
and NaX,32 silcalite-1 zeolites33,34 and carbon nanotubes.35 Here,
the term “hydrophobic” is used because of the spontaneous
condensation behavior: if the surface of the nanopore were
hydrophilic, then water absorption would proceed gradually over
wide range of pressure through wetting the surface of the
nanopore instead of increasing abruptly at a certain narrow
pressure range. We expect that the capillary condensation would
follow a first-order-like transition since the nonwetting character
of the pore prohibits the intrusion of liquid water until a certain
hydraulic pressure. This suggests that the aluminosilicate BEA
zeolite system may sustain some extent of hydrophobicity even
after some of the hydrophobic SiO4 sites are replaced by
hydrophilic AlO4- sites.
The temperature dependence of water absorption is plotted
at Figure 3 at 101.3250 kPa. As the temperature increases, the
amount of water uptake in zeolite frame decreases. This type
of temperature dependency of water uptake has been observed
in the experiments on the zeolite-4A structure36 and in other
Figure 2. Dashed line is the least-squares fitted to f(x) ) a tanh(bx),
where a ) 46.19 molecules/unit cell and b ) 0.753 (l/kPa). We obtain
a vapor pressure of 3.578 kPa for the point at which the water uptake
reaches to 99% of the maximum loading uptake.
Figure 3. Predicted temperature-dependence of water uptake at
101.3250 kPa when the zeolite BEA has no aluminum doping (red
curve) and Si/Al ) 30 (blue curve). The presence of aluminum-doped
sites as well as sodium ions enhance the water uptake amount especially
in the high temperature.
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simulation studies.32 Of particular interest is that at 423 K, this
BEA aluminosilicate zeolite frame still holds 20% of water
absorbed at 300 K. We expect that this capability to retain
significant amount of water at high temperature could make
these materials useful as a replacement for performance of the
PEM for fuel cell operation under high temperature/low
humidity condition.
3.2. Structure of Water in Zeolite. To characterize the water
structure we calculated the density-normalized O(water)-O(water)
pair correlation function, 4πr2FgO(water)-O(water) where r is the
distance and F is the number density of water. Figure 4a shows
4πr2FgO(water)-O(water) plots for water absorbed in various vapor
pressure conditions and compares to the values for bulk water.
Integrating the first peak in Figure 4a leads to the coordination
number CN. For bulk water we obtain CN ) 4.59, in good
agreement with CN ) 4.5, from neutron diffraction experi-
ment.37 Figure 4b summarizes the change of the coordination
numbers as a function of pressure, showing a behavior identical
with the absorption isotherm in Figure 2. This provides clear
evidence for the spontaneous condensation in which all the water
molecules absorbed into the system participate in water clusters.
Figure 4 shows that the structure of the water absorbed in the
zeolite framework approaches to that of bulk phase water as
the water uptake/pressure is increased to 101.3250 kPa. How-
ever, the saturated value of CN of the absorbed phase (∼3.8) is
smaller than the CN of the bulk phase (4.5). This is reasonable
because of the huge surface area of 1362.99 m2/g of the
nanopores of the zeolite (cf. activated carbon has 500-1500
m2/g). We observed similar behavior for water in Nafion and
Dendrion polymer membranes.38-40
In order to investigate the effect of the sodium ion on the
water structure, we analyzed the density-normalized Na-O(water)
pair correlation function, 4πr2FgNa-O(water) and the water coor-
dination number of sodium ion as shown in Figure 5, parts a
and b, respectively. Similar to 4πr2FgO(water)-O(water) in Figure 4
we see that 4πr2FgNa-O(water) increases with increasing pressure
with a first peak position that does not change with pressure.
However, the increase of the first peak intensity of
4πr2FgNa-O(water) up to ∼3.5 Å was not significant compared to
that of 4πr2FgO(water)-O(water). This indicates that the first water
solvation shell for the sodium ion saturates rapidly toward CN
) ∼5.0 (see Figure 5b inset), which is consistent with the
previous indication that water molecules cluster with sodium
rather than interact with the surface of the nanopore, (indicating
a hydrophobic nature of the nanopore surface). We believe that
this is because the strong interaction of the net charge in the
sodium ion enhances the development of its solvation structure.
This value shows excellent agreement with the experiment
which finds 4.82.41
3.3. Effect of Water Contents on Sodium Diffusion. The
diffusion coefficient of the sodium ion was calculated at
pressures ranging from 0.1013 to 101.3250 kPa, as summarized
at Table 1. To characterize the nature of the diffusion, Figure
Figure 4. (a) Probability of finding additional water molecules at a
specific distance from each water molecule. This is obtained as the
product of pair correlation functions of water oxygens, gO(water)-O(water)
with water density F and 4πr2 (b) Water coordination number (CN) of
water molecule as a function of pressure. The CN of water molecule is
obtained from the integration of curve a up to first minimum, which is
at 3.7 Å. The saturated value of CN of the absorbed phase (∼3.8) is
smaller than the CN of the bulk phase (4.5).
Figure 5. (a) Probability of finding sodium ions at a specific distance
from each water molecule. This is obtained as the product of pair
correlation functions of sodium atoms and water oxygen, gNa-O(water)
with water density F and 4πr2. (b) The water coordination number (CN)
of sodium ions as a function of pressure. The CN of sodium ion is
obtained from the integration of curve a up to the first minimum, which
is at 3.5 Å. The saturated value of CN of the absorbed phase (∼5.0) is
same to the CN of the bulk phase.
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6 shows the log-log plot of the mean square displacements
(MSD) versus time. For times up to ∼20 ps, the MSD increases
as a function of t1/2 indicating single file diffusion (SFD)
behavior. For simulation times longer than ∼20 ps, the MSD
shows a normal Fickian behavior (MSD∝t). This transition of
MSD from SFD to normal Fickian diffusion occurs when the
pore confines the particles but still allows the particles to pass
by each other.42 In the long time Fickian regime, we obtained
the diffusion coefficient D from the mean square displacements
of the sodium ions using eq 3.
D) 〈(r(t)- r(0))2〉/6t (3)
In order to examine how the dynamics of sodium ion is
influenced by its water solvation shell, we analyzed the diffusion
coefficient of sodium ion versus water coordination number at
298.15 K. From Figure 7, we observed a dramatic jump at about
CN ) 4.5 that corresponds to the point of the water uptake
saturation in the absorption isotherm (Figure 2). Indeed, Faux
and his co-workers43-45 reported theoretical studies that the
diffusion coefficient of sodium in zeolite-4A system increases
from 1 × 10-7 cm2/s to 10 × 10-7 cm2/s as the number of water
molecules per unit cell increases from 0 to 224 in agreement
with the trend and order of magnitude of the diffusion coefficient
in our simulations. Furthermore, Faux et al. also observed a
sudden jump of the sodium diffusion coefficient between 112
and 168 water molecules per unit cell, but did not explain the
origin. We believe that this results directly from the degree of
solvation. This spontaneous condensation of water (discussed
in section 3.1), leads to two regimes for the ionic diffusion in
the presence of water. Detailed analysis of sodium ion trajec-
tories allows us to enunciate why a threshold amount of water
uptake is critical to enhance the diffusion of the ion from the
microscopic point of view. The doped AlO4- sites are Bro¨nsted
acid sites46 that bound the nonframework cations via strong
Coulomb interaction. Parts a and b of Figure 8 show the time
profile of the Al-Na distances for the good solvation regime
(vapor pressure ) 101.3250 kPa) and the poor solvation regime
(vapor pressure ) 0.1013 kPa), respectively. This shows clearly
that each sodium ion localizes within ∼5 Å of one of the
aluminum-doped sites and diffuses by hopping from one site
to a nearest neighbor aluminum site. Thus, the diffusion of
sodium ion occurs through the hopping mechanism between
AlO4- sites (the Bro¨nsted acid sites) with the energy barrier of
3.5-4.0 kcal/mol caused by the electrostatic interaction. Figure
8a indicates that the hopping events occur every 2 ns on average
in the good solvation regime, whereas Figure 8b shows just 1
hop within 12 ns in the poor solvation regime. This explains
why the diffusion coefficient of sodium ion is ∼10 times larger in
the good solvation regime than in the poor solvation regime as in
Table 1. Sufficient numbers of water molecules are the most critical
in creating solvation cage and helping the ionic hopping.
3.4. Effect of Temperature on Sodium Diffusion. We
calculated the diffusion coefficients of the sodium ions confined
in the aluminosilicate zeolite BEA membrane are obtained for
various temperatures ranging 298.15 K to 453.15 K. For each
temperature, the amount of water uptake was determined using
GCMC simulation (Figure 3). The temperature effect on the
sodium diffusion was taken from MD simulations based on the
hydrated zeolite. These diffusion coefficients are presented in
Table 2 and Figure 9. Up to 373.15 K, the diffusion coefficient
TABLE 1: Vapor Pressures, Water Uptake/Cell, Water Coordination Numbers of the Water Molecule (up to 3.7 Å Cutoff),
Water Coordination Numbers of the Sodium Ion (up to 3.5 Å Cutoff), and Diffusion Coefficients from NPT MD at Temperature
of 298.15 K
vapor pressure (kPa) water uptake/Cell CN (water) CN (sodium) diffusion coefficient (cm2/s)
0.1013 10.15 1.55 3.51 (0.338 ( 0.033) × 10-7
0.5066 16.57 2.22 3.94 (0.382 ( 0.048) × 10-7
1.0133 30.08 3.01 4.39 (0.642 ( 0.219) × 10-7
1.9006 40.10 3.16 4.29 (1.431 ( 0.041) × 10-7
3.1677 41.86 3.29 4.67 (1.170 ( 0.035) × 10-7
10.1325 46.18 3.54 4.68 (1.478 ( 0.368) × 10-7
101.3250 50.00 3.77 5.04 (1.466 ( 0.601) × 10-7
Figure 6. Log-log plot of mean square displacements (MSD) vs time
at 298.15 K and 101.3250 kPa based on a trajectory of 12 ns. Initially
the MSD shows MSD ∝ t1/2 up to t ) ∼20 ps, but the times >∼2 ns,
we see normal 3D Fickian behavior (MSD ∝ t). The Fickian regime
leads to a diffusion coefficient of D ) 1.233 × 10-7 cm2/s.
Figure 7. Dependence of diffusion coefficient of sodium ion on water
coordination number (CN) of sodium ion. The diffusion coefficients
were calculated from three partitioned trajectories of 12 ns NPT
simulations (each partition has 4 ns length), and the error bars were
evaluated from the diffusion coefficients obtained from the three
partitioned trajectories. This represents pressures from 0.1013 to
101.3250 kPa at 298.15 K. At a pressure of ∼2.0 kPa, we find an abrupt
change in the water CN. When the sodium ion is solvated by >4.5
water molecules, its diffusion coefficient increases abruptly by a factor
of 3.5. The dashed line is to guide the eye.
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of sodium ion increases with increasing temperature, as expected
for a normal activated process. However, we observe from
Figure 9 that the diffusion coefficient decreases with increasing
temperature from 373.15 K to 453.15 K. This anomaly is a
consequence of the less hydration of the zeolite at high
temperature as previously discussed in Section 3.2. Here, the
insufficient water absorption results in a less developed solvation
shell, which cannot facilitate the sodium ion hopping events.
Thus, the diffusion coefficient decreases at high temperature
range with less number of water molecules. Therefore, just as
in the discussion about good solvation and poor solvation
regimes that depend on the vapor pressure, we consider that
the good solvation regime applies up to 373.15 K, while the
poor solvation regime applies beyond 400 K (the 393.15 K point
lies within the transition regime.)
Normally, the temperature dependence for diffusion coef-
ficient is written in terms of a standard Arrhenius equation, eq
4.
D)Adiff exp(-∆EkBT) (4)
where the ∆E implies the energy barrier for the hopping from
one site to another site. Adiff ) L2kBT/h exp(ns/R) is the
Figure 8. Time dependence of the distances of one sodium ion to all 8 aluminum atoms of the zeolite membrane. The distance to each aluminum
atom is shown with a different color. (a) Vapor pressure is 101.3250 kPa (good solvation regime) at 298.15 K. This shows that it took 2 ns for the
Na to hop from a position 4.8 Å from the purple Al to a position 7.5 Å from the black Al. Here a distance of 4.8 Å indicates one water shell
between the Na and the Al, while 7.5 Å indicates separate water shells around each; (b) vapor pressure is 0.1013 kPa (poor solvation regime) at
298.15 K. In this case the Na remains at 4 Å from the Al which indicates that the Na remains coordinated to the O of the Al.
TABLE 2: Temperature, Water Uptake/Cell, and Diffusion Coefficients at Constant Pressure Condition of 101.3250 kPa
temperature (K) water uptake/cell CN (water) CN (sodium) diffusion coefficient (cm2/s)
298.15 50.00 3.77 5.04 (1.466 ( 0.601) × 10-7
325.15 46.25 3.73 4.71 (2.372 ( 0.024) × 10-7
353.15 42.12 3.72 4.24 (3.762 ( 0.822) × 10-7
373.15 36.50 3.46 4.39 (4.806 ( 0.226) × 10-7
393.15 26.17 3.27 4.08 (3.725 ( 0.188) × 10-7
423.15 13.73 2.45 3.63 (2.630 ( 0.459) × 10-7
453.15 9.75 1.74 3.42 (3.042 ( 0.301) × 10-7
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prefactor, a product of frequency factor (activation entropy term)
with a hopping-related length (L). kB is the Boltzmann constant
and T is the absolute temperature. In order to include the
solvation effect, we define the stabilization energy ∆EsolV due
to the solvation. This leads to a modified eq 4 where Adiff-solVe
now includes a correction for solvation.
D)Adiff-solVe exp(-∆E-∆EsolVkBT ) (5)
We assume that the ∆EsolV is a step function which is zero
for the poor solvation regime and nonzero for the good solvation
regime, which implies that the incomplete solvation shell of
sodium ion has no effect to stabilization. The Arrhenius plot
for each regime is shown in Figure 10 and the curve for each
regime is fitted with a linear equation using least-squares fitting
method. From the slope of the fitted line, we estimate the ∆E
) 3.810 kcal/mol for the poor solvation regime and the ∆E -
∆EsolV ) 3.540 kcal/mol for the good solvation regime. Thus,
the stabilization energy by solvation (∆EsolV) becomes 0.270
kcal/mol. The y-intercepts lead to Adiff ) -10.70 cm2/s and Adiff
) -9.76 cm2/s. The nearly unit value for A suggests that the
diffusion mechanism for both regimes is basically identical,
supporting the eq 5. Although no experimental data has been
reported for the energy barrier of the diffusion of sodium ion,
the energy barrier for the diffusion of sodium ion in the 
alumina (known as a good ionic conductor) has been measured
experimentally.47,48 Since the sodium ion in the  alumina is
also believed to jump around aluminum oxide sites, these values
should be comparable with ours. Kim et al.47 reported that the
barrier as 3.275 kcal/mol from the measurement of ionic
conductivity and 3.897 kcal/mol from the measurement of
sodium tracer diffusion. Also the values from Whittingham and
Huggins48 obtained values of 3.81 kcal/mol from the tracer
diffusion measurement and 3.95 kcal/mol from the dielectric
loss measurement. All these values are very comparable to our
∆E value of 3.540 kcal/mol, supporting the accuracy of our
simulations. On the basis of these comparable values of the
energy barrier, we expect that the stabilization energy for the
hydrated system would also be reasonable although the effect
of hydration in such aluminosilicate system has yet been
reported.
4. Summary
Combining GCMC and MD simulations, we studied the effect
of hydration on the sodium dynamics. From the absorption
isotherm, we observed that the water absorption in BEA zeolites
proceeds with a spontaneous condensation at a pressure of 3.5
kPa and a temperature of 298.15 K even though the internal
space of zeolite remains hydrophobic. Below the pressure of
101.3250 kPa, the water uptake of the zeolite decreases
monotonically with increasing temperature. From the pair
correlation functions, we found that the tetrahedral water
solvation structure for water molecule is suppressed by the
hydrophobic pore surfaces. In contrast, the water solvation
structure surrounding the sodium ion remains ∼5.0. This
difference is a direct consequence of the strong electrostatic
interaction of the positively charged sodium ion with water
molecules.
The MD trajectories indicate that the sodium ions are
electrostatically bound to the aluminum-doped sites and the
diffusion of the sodium ions proceeds via hopping mechanism
among these aluminum-doped sites (Figure 8).
On the basis of the spontaneous water condensation process,
we found the two regimes: a good solvation regime below
373.15 K and a poor solvation regime above 400 K. The
Arrhenius plot of each regime leads to an 0 energy barrier of
3.540 kcal/mol for the diffusion of sodium ion for the good
solvation regime and of 3.810 for the poor solvation regime.
This leads to an estimate of 0.270 kcal/mol for the stabilization
energy due to the solvation of sodium ion.
This study of the sodium diffusion through BEA zeolite shows
that the ionic diffusion in the confined geometry in the confined
geometry depends on the degree of solvation by water which
distinguishes it from bulk diffusion. As a next step, we are
planning to directly investigate the proton diffusion through the
aluminum-doped zeolite BEA system based on results of the
current study.
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Figure 9. Dependence of the sodium diffusion coefficient on the
temperature for a vapor pressure of 101.3250 kPa. The diffusion
coefficients were calculated from three partitioned trajectories of 12
ns NPT simulations (each partition has 4 ns length), and the error bars
were evaluated from the diffusion coefficients obtained from the three
partitioned trajectories. Up to 373.15 K, the diffusion coefficient
increases with increasing temperature, whereas it decreases beyond
373.15 K due to the depletion of the water solvation.
Figure 10. Arrhenius plots of diffusion coefficient from each solvation
regime: the red squares are for the poor solvation regime and the blue
diamond is for the good solvation regime. The solid black line is a
linear fitting of each regime. This leads to D300K ) 3.762 × 10-8 cm2/s
and Eact ) 3.810 kcal/mol for the poor solvation regime and D300K )
1.512 × 10-7 cm2/s and Eact ) 3.540 kcal/mol for the good solvation
regime, and the equation of each fitted line and R2 value are inset in
the figure.
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